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Travellm g Wave Ion Guide as a Mobility Analyser 



Introduction to RF i on Guides 

Radio Frequency (RF) ion guides are commonly used for confining and transporting 
ions. All such ion guides use an arrangement of electrodes with an RF vo ttage applied 
between neighbouring electrodes such as to produce a pseudo-potential wsll or valley. 
This pseudo-potential w ell can be arranged to confine ions, and may be u-.ed to 
transport ions by acting as an ion guide. Its use as an ion guide is well known, and can 
be very efficient. 

The RF ion guide can s1 ill function efficiently as an ion guide even at qui I e high 
pressures., where ions are likely to undergo frequent collisions with residual gas 
molecules. The collisions with gas molecules may cause the ion to scatter and lose 
energy, but the pseudo potential well generated by the RF ion guide still sicts to 
confine the ions. In tliis respect the RF ion guide has an advantage over tt:e "guide 
wire" type of ion guide, in which a DC voltage is applied to a central wir* running 
down the centre of a conducting tube. In this arrangement ions are held in orbit 
around the central guide wire. However, in the "guide wire" type of ion g-jide, if ions 
undergo many collisions with gas molecules they will lose energy and wi l eventually 
collapse into the centra] guide wire and be lost. 

As a consequence of tln;ir ability to transport ions at relatively high pressmes, RF ion 
guides are the preferred type of ion guide for a number of applications in mass 
spectrometry apparatus In particular they are used in "gas collision cells 5 in which 
relatively low energy icns (i.e. ions with energies between 10 and 1000 eV ) undergo 
multiple collisions with gas molecules to induce ion fragmentation or decomposition. 
Similarly, they are used in "gas reaction cells" in which low energy ions (i.e. ions 
with energies between 0.1 eV and 10 eV) undergo collisions with gas mo iecules to 
fomi adjunct ions. 

RF ion guides are also used to transport ions through chambers at intermediate 
pressures (0.001 -10 mbar), for example from an ion source in a chamber at high 
pressure (e.g. an atmospheric pressure ion source) to a mass analyser in a. chamber at 
very low pressure. Such mass analysers include the quadrupole ion trap, :he 
quadrupcle mass filter, the time-of- flight mass spectrometer, the magnetic sector mass 
spectrometer, and the Fourier Transform Ion Cyclotron Resonance mass spectrometer 
(FTICR). In both ins tances ions can be efficiently transported despite unt: ergoing 
many collisions with gas molecules causing the ions to be scattered and to lose 
energy. 

It is well known that ioti transit times through RF only ion guides, collision cells and 
reaction cells, when op crated at sufficiently high gas pressure, can be long due to 
reduction of axial ion energy by collisions with the gas. It is also known lhat the 
continued presence or absence of an incoming ion beam, and any surface charging 
leading to axial potential barriers, can further affect the transit time. 

As has been already mentioned, when an ion collides with a gas molecul n it may get . 
scattered and lose kinetic energy. If the ion undergoes a large number of collisions, 
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perhaps more than 100 collisions, the ion will lose all its forward kinetic energy. The 
ions will now have a mean energy equal to that of the surrounding gas molecules. 
They will now appear to move randomly within the gas due to continuing random 
collisions with gas molecules. Hence, under some operating conditions, kns being 
transported through an RF ion guide at an intermediate gas pressure will I Dse all iheir 
forward motion. Undsr these conditions the ions will never emerge from he exit of 
the ion guide. 

In practice ions may still continue to move forwards for other reasons. It r.s normally 
assumed that ions may continue to move forwards due to the bulk movement of gas (a 
gas dynamic "wind") blowing the ions through the ion guide, or due to sp ace charge 
caused by continual ingress of ions into the device (electrostatic repulsion from ions 
arriving from behind) effectively pushing the ions through the ion guide ( 1). Without 
these influences it is known that under certain conditions ions can, in effect, come to a 
standstill in the ion guide and not emerge at the exit. 

A known means for driving ions through an RF ion guide at intermediate pressures is 
the use of an axial electric field. To ensure the ions emerge, or simply to .1 educe Iheir 
transit time, it is has become current practice to apply an axial voltage grs: dient along 
the ion guide. The axial electric field may be applied in a number of way::. For 
example, axial electri c ;!ields may be applied to ion guides using multipol 2 rod sets by 
the use of segmented rods with a DC voltage between successive rods (2), by the use 
of inclined or tapered rods (3), or by the use of resistive rods with a DC voltage 
gradient along their lsngth (3). Axial fields may be applied to ion guides using 
stacked ring sets by applying a DC voltage to successive rings (4) or groups of rings 
(5). Axial fields may al ;o be applied by the use of additional electrodes, usually in the 
form of cylinders, external to the ion guide such that some of this axial finld 
penetrates into the ion guide itself (3), In all these cases the axial electric field causes 
the ions to accelerate forwards after each collision with a gas molecule. A very weak 
field, in the region of 0, 1 to 1 volt/cm, is adequate for pressures between 0.001 and 
0.01 millibar. At higher pressures higher field strengths can be used. 

In the pressure region above 0.001 millibar ions in an axial field will attain velocities 
according to their ion mobility. When such drift tubes are used in conjunction with a 
pulsed ion source then separation of species according to their ion mobility is 
achieved. The output of such a mobility spectrometer may be coupled to mass 
spectrometer to achieve charge state separation (6) to improve signal to 1: Dise. 



Swept Mobility E xt raction Guide 

The new- invention is- a variation on the Travelling Wave Ion Guide (TWIG) (7) 
which entails superimposing a repeating pattern of electrical potentials along the 
length of the ion guide such as to fonn a periodic waveform, and causing the 
waveform to travel along the ion guide in the direction in which it is required to move 
the ions, and at the velocity at which it is required to move the ions. 
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The travelling wave de\ice requires that an RF ion guide, such as a multif ole rod set 
or stacked ring set, is segmented in the axial direction such that independent transient 
DC potentials can be applied to each segment, superimposed on top of the: RF 
confining voltage anc any constant DC offset voltage, whereby the DC pctentiah; axe 
changed temporally to generate a travelling wave in the axial direction. 

At any instant in time a voltage gradient would be generated between segments to 
push or pull the ions in a certain direction. As the ions move in the required direction 
so would the voltage gradient. The individual DC voltages on each of Ihe segments 
would be programmed to create a required waveform. Furthermore, the individual DC 
voltages on each of the segments would be programmed to change in synchronism 
such that the wavefojm would be maintained but shifted in the direction :n which it is 
required 1o move the ions. 

Consider now a stacked ring ion tunnel device (at a pressure such that an ion 
traversing its length undergoes many collisions) filled with ions such as may be 
generated, by an electrospray or MALDI ion source. If the end plates of the lunnel 
have a slight positive voltage with respect to all the central plates then ions will be 
trapped in the device unable to surmount the potential barrier. After a certain time 
equilibrium will be reached where ions of all masses and mobilities a:e distributed 
along the length of this device [Figure 1]. If a voltage is then applied to the first 
electrode; in the tunnel adjacent to one of the end plates the ions will be pushed down 
the device [Figure 2] by the local field variation according to the equatiot .: 

Vdrift = K * E{x) (Equation 1) 

where Vdrift is the clri:i velocity of the ion K its mobility and E(x) the: electric: field 
caused by the applied voltage. The electric field caused by the applied voltage rapidly 
decays to a negligible value just a few electrode spacings. The voltage is then rapidly 
switched to the next electrode and an ion that had enough time to drif: at least one 
electrode spacing will experience the same force and move again. Those ions of low 
mobility may not have: time to drift far enough to see the influence c-F the voltage 
when it ijwitches to the next electrode and will be left behind. The voltage travels 
down the device frorr, electrode to electrode "sweeping" those ions with z. high 
enough mobility to follow it. The device acts as a high pass filter in fiat ions with 
mobilities above a chosen value can be ejected from the tunnel whilst the rest remain 
trapped in the device [figures 3 & 4]. The sweep time of the device f sweep may be 
then reduced to select e. slightly lower mobility cut off ejecting those ions which have 
mobilities between the two cut off points. By gradually reducing the :,weep time a 
complete mobility "scan" may be built up until the device is empty. Ar other way to 
scan the device is to increase the voltage progressively with each sw-;:ep collecting 
ions of sver decreasing mobility in the same way. Note that from equation (1) 
doubling the voltage will double the velocity of an ion. The resolution o:; the device is 
in part determined by the size of the sweep (Tsweep) time or Voltage increment. The 
smaller the step between adjacent sweeps the greater the resolution of the device. 

The mode of operation described above builds up a mobility spectrum by a series of 
high pass experiments. Isolation of a particular range of mobilities i.e. bandpass 
operation may be achieved by employing a two stage device. Firslly ions with 
mobility > X are passed through the device into a second empty stage [Figure 5]. The 




M1CR0MASS UK LTD 



@005 



e- 



travelling wave may Ihe be reversed sweeping ions back into the first stage [Figure 6]. 
This reverse sweep m ay be faster (or of a higher voltage) so that the required mobility 
range is left behind ir. the second stage [Figure 7]. 

The resolution of the travelling wave device has been modelled to include the effect 
of diffusion of ions. Diffusion effects degrade the resolution of conventional drift tube 
IMS devices there being a fundamental equation showing a relationship between the 
drift tube length and the applied axial voltage drop (8):- 



where mod X is the spatial spread due to diffusion, L the drift tube length and V the 
applied axial voltage drop. To increase the resolving power of he mobility 
spectrometers longer drift tubes and higher voltages are traditionally employed. An 
advantage of the current invention is that only a relatively low voltage is required i.e. 
that which is applied to a single element, typically this would be 10 Volts or so at a 
pressure of ~ 2rnBar. "?he SMEG device has been modelled as a series of elements 
with the voltage resident on each element for a certain time. Diffusion is introduced as 
a random scattering component over the time of residence of the voltage on an 
element. The program used to predict the behaviour of the device is shown in figure 8. 
The result shown in figure 9 predicts the complete separation of Graoicidn S and 
Leucine encephalin. This result is for a SMEG with 100 elements and a voltage of 7 
volts on each plate. This result is comparable with the performance one would expect 
from a single pass drift tube of similar dimensions. 

Further improvements in resolution may be achieved by sweeping the ions backwards 
and forwards through the same volume. This has the effect of increasing the effective 
length of the device without actually increasing its physical dimensions. Ions may be 
purged from the swept volume after the passage of the travelling wave by switching 
the RF off allowing ions to diffuse out of that portion of the device. Afn:r the desired 
number of passes of the same volume the ions may be allowed out of Lie device for 
further analysis. 

Advantages over pr ior art 

1) High Duty Cycle: 

The new device can opsrate at 100% duty cycle as it is able to eject only those ions of 
desired mobility while storing the rest for further analysis. This is in contrast to a 
Field Asymmetric Ion Mobility Spectrometer (FAIMS) which is a scanning device 
whereby ions that are not transmitted are lost to the walls of the device. 

2) Flexible timescale of ion ejection 

The drift tube type works by admitting a short pulse of ions (known as the gate pulse) 
and allowing them to disperse in an electric field according to their mobilhy. By 
.trapping- ions prior to the drift tube they can be accumulated while the: drift lube is 
dispersing ions and duty cycles approaching 100% may be achieved. The sepjiration 
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is generally on the millisecond timescale so subsequent experiments must be 
amenable to this to be able to take advantage of the duty cycle. In the: case of the 
charge state separation device the quadrupole must be scanned in synchronisation 
with the output of the; drift tube. This can cause significant losses in ion transmission 
as ions that enter the quadrupole with a stable trajectory may find themselves unstable 
part way through the quad and so be lost. With the current invention the quadrupole 
can be set to a discrete mass to charge transmission window to matct :. the desired 
mobility range ejected by the device. This means that the desired ions art;: stable in the 
quadrupole all through the device. The equivalent to a scanning experiment can be 
performed piecewise with no loss in duty cycle as unejected ions are still stored by the 
device. 



3) No Gate pulse required: 

To obtain high duty cycle with a drift tube type of mobility spectrometer when using 
continuous ion sources requires the use of a trapping stage. Ions are the :i admitted to 
the Drift tube using gale pulses which are narrow compared to drift times of ions. A 
spectrometer that disperses on the millisecond timescale therefore requires a gate 
pulse of the order of microseconds to achieve the best resolution. The use: of suaa gate 
pulses result in mobiliiy discrimination at the input to the device leading to lower 
sensitivity and skewed spectra. The SMEG device has no need for a narrow gate pulse 
as the device can be filled with a longer pulse and so avoids these problems. 

4) Large voltages not required: 

As can be seen from equation 1 a limiting factor comes from the spatial spread of the 
ions caused by diffusion. Drift tube devices employ large voltage drops across them to 
minimise this problem. The SMEG only requires a small voltage as the ions are 
localised at the active plate at any moment in time. Ten volts in a SMEG equates to ~ 
1000 Volts on a drift tube with a 100 element device. 



5) Folded multipass geometry: 

As ions may be send backwards and forwards within the SMEG device greater 
resolution can be achieved in a more compact device than in a drift tx.be of similar , 
dimensions. More passes of the device (in the second less populated region) lead to 
greater isolation of the desired species. 
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L:= 1.510 
x0:= 1.5L 

c = 1.875x 10 
f2(x0):= 



Vp;== 3.5 
c:= KVp-3.142- 



T:= 1.5S10 



% -5 



— sig:= I2-K- 
4L >/ 



42.465 



It:= 6.610 

3.142 

a := 

2L 



Nel:= 100 
SwT:= NelT 



Nion := 1000 



a = L047x 10 3 x0:= 2.25x 10 3 sig = 2.195x 10 4 



SwT= 1.55 x 10 



,-3 



for i e l..Nel 

deltadist «*— rnorm(l , 0,sig) 



X0*~ 



( -t;xp (2-c-a)K exp(2ca) ccfrQa) + 1 + cos(xQa))1 1 
'(-exp U-c-a) + exp(2 c-a)-cos(xOa) - 1 - cos(xOa))JJ 
a 



- L + ^ deltadist if x0> 0 



xO otherwise 



xO 



f2(x0) =-1.598 x 10 



-4 



M:= 



for je 0 ..Nion - 1 
rrij <r- f2(x0) 

m 



Mo = 133 x ]0 



M 1(i = -6.346 x 10 ' rf 2 o = 1.113x 10 



,-3 



-3 



M 40 = 1.12 x 10 



f3(M) := 



OP 
OP 

f3(M) = 35.2 



cnt <- 0 

for ke 0..Nion - 1 
cnt <— cnt -h 1 if M k > 0 
cnt- 100 



"Nion 



Q.0D1- 



-o.ooi- 



M 30 = 1.07 x 10 
Position relative to Nth elemenl 




M 
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